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We report charge detection in degenerately phosphorus-doped silicon double quantum dots (DQD) electrically 
connected to an electron reservoir. The sensing device is a single electron transistor (SET) patterned in close 
proximity to the DQD. Measurements performed at 4.2K show step-like behaviour and shifts of the Coulomb 
Blockade oscillations in the detector's current as the reservoir's potential is swept. By means of a classical 
capacitance model, we demonstrate that the observed features can be used to detect single-electron tunnelling 
from, to and within the DQD, as well as to reveal the DQD charge occupancy. 



Silicon-based systems for quantum computing have at- 
tracted much attention because of their scalability, their 
well-established technological process and their long co- 
herence timeP Both intrinsic and extrinsic silicon sub- 
strates have been widely employed for the fabrication of 
devices aiming for single charge detectionPEl In partic- 
ular, Si:P single electron transistors (SET) capacitively 
coupled to isolated double quantum dotipl have provided 
a route for the implementation of charge qubitsP The 
electrical isolation of this type of qubit results in signifi- 
cant suppression of decoherence due to the decoupling of 
the electronic states from the leads. On the other hand, 
the correct operation of these devices strongly depends 
on the density of excess charge permanently stored in the 
isolated structure as a result of the fabrication process. 
This may lead to limited system reliability and process 
yield. 

In order to assess the impact of different electron den- 
sities on the dots' behavior, we have realised a Si:P double 
quantum dot (DQD) electrically connected to an electron 
reservoir via a tunnel barrier. Unlike previously reported 
work, in this system the charge density is bias-dependent 
and one can make electrons tunnel in, out or within the 
DQD by simply changing the voltage of a control elec- 
trode. The charge state of the DQD is detected by a sin- 
gle electron transistor pat tern ed in close proximity and 
made of the same material!^ Distinctive features in the 
Coulomb Blockade (CB) characteristic of the SET allow 
us to demonstrate that single electron transfer and charge 
occupancy in the DQD can be readily sensed by the ca- 
pacitively coupled detector device. 

The layout of a device similar to those investigated is 
shown in Fig. [IJa). The base material used is silicon- 
on-insulator (SOI) with a 35 nm thick phosphorus-doped 
active layer (donor concentration ~ 3xl0 19 cm' 3 ). Full 
details of the system material and fabrication process 
are reported elsewhereP Quantum confinement of excess 
electrons in each dot is achieved by patterning constric- 
tions in the SOI nano-structure which act as tunnel bar- 
riers due to carrier depletion by sidewall trapping!^ Al- 
though the gate electrodes G and Go are meant to con- 
trol the electrochemical potential of the SET and DQD 



respectively, each gate is capacitively coupled to both sys- 
tems and will affect them to a different extent according 
to geometrical considerations. Similarly, the gate elec- 
trode Gqd, apart from prominently controlling tunnelling 
events in the DQD, will also influence the SET potential, 
as depicted in the capacitance model of Fig. [ljb). From 
the layout of the device is also clear that the left dot 
of the DQD is more strongly coupled to the SET island 
than the right dot. All experiments reported here have 
been carried out by directly immersing the samples into 
liquid helium at 4.2K. 

In the experiments, the detector's operating point is 
set on the steepest part of the slope of a CB oscillation 
(see inset of Fig. [2|a)), so that the SET would work in 
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FIG. 1. (Color online) a) False color scanning electron micro- 
graph of a device similar to those investigated. Lower struc- 
ture defines the SET detector which is made up of Drain (D) , 
Source (S) and Gate (G). Upper part shows the DQD con- 
nected to the lead (Gdd) and an additional control gate (Go), 
b) Equivalent circuit including the SET dot coupling capaci- 
tances and the total capacitances of the DQD left and right 
dots. Coupling to gate Go is not shown for simplicity. 
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FIG. 2. (Color online) Detector's current response, a) CB 
oscillations induced by sweeping the DQD gate voltage. In 
absence of compensation, Gdd acts as a gate for the SET and 
can modify its bias point. Inset: CB oscillations as a function 
of Vg- The arrow indicates the bias point chosen to maximize 
charge sensitivity (~250pA/V). b) SET current as Va DD is 
swept in forward (black squares) and reverse (red dots) direc- 
tion. VDS=30mV, Vg o =0V; Vg is swept with a compensation 
ratio of -2/5 to Vq dd and is centered at the operating point 
illustrated in the inset of (a). Step-like behavior indicates 
the occurrence of single-electron transfers. Arrows of differ- 
ent color and lettering highlight steps produced by different 
kinds of tunnelling events. Inset: cartoon sketching DQD 
tunneling associated to each family of current steps. 



the most charge-sensitive regime. In order to trigger tun- 
neling events in the DQD, the voltage of the electrode 
Gdd must be swept. However, for the reasons mentioned 
above, a modification of Vg dd would inevitably have a 
secondary effect and move the SET operating point away 
from the selected range. Fig. |2ja) reveals that the SET 
current undergoes nearly two complete CB oscillations 
when Vg dd is swept from 0.2V to 0.5V. In order to min- 
imize this unwanted shift in the bias condition, the SET 
gate voltage (Vg) is simultaneously swept with an appro- 
priate compensation ratio which maintains the SET near 
the selected operating point. The detector's response to 
a Vg dd compensated sweep is reported in Fig. [2jb). We 
clearly see discrete jumps in the drain-source current. 
The step-like behavior is completely reproducible over 
many cycles despite the presence of some hysteretic ef- 
fect, as it can be seen from the two subsequent voltage 



sweeps in opposite direction reported. Defects at the 
interface between Si and Si02 acting as trap states are 
known to be responsible for charge offset drift in this 
kind of devices.^ Therefore, it is not surprising that 
the two traces do not completely overlap. Multiple gate 
voltage preliminary sweeps turned out to be effective in 
neutralising the majority of these defect states and im- 
prove reproducibility. Discretization of the current of a 
SET capacitively coupled to a quantum dot is the evi- 
dence of detection of single electron tunneling to/from 
the dot The height and the relative direction of each 
step provide information on the nature of the tunneling 
event. We have identified three different families of steps 
whose amplitudes are approximately +lpA, -lpA and - 
2pA; two examples of each type are highlighted in the 
figure with blue (/3), pink (7) and green (a) arrows, re- 
spectively. Plus signs indicate that current increases (de- 
creases) when the voltage is increased (decreased) , minus 
signs indicate that current increases (decreases) when the 
voltage is decreased (increased). As sketched in the inset 
of Fig. (2fb), steps of -2pA in height are interpreted as 
the transfer of one electron from the reservoir to the left 
dot, +lpA steps as a transfer of one electron from the 
left to the right dot, steps of - lpA are due to the two pre- 
vious events taking place simultaneously. Interestingly, 
this latter event would produce an effect which is the lin- 
ear combination of the previous ones (i.e. -2pA+lpA=- 
lpA), as we shall discuss later. 

Besides discrete changes in the detector's current level, 
it has been demonstrated that a single charging event in 
a quantum dot also re sults in a shift in the position of 
the conductance peaksf^EHl f n Fig. ^a.) we show the de- 
tector's CB oscillations as the SET gate (G) is swept for 
different voltages applied to the DQD gate (for this type 
of experiment Vg is used to compensate the effect of 
Vg dd on the SET). The plot shows that peaks can be 
shifted in either direction with respect to the SET gate 
voltage; these shifts can be associated to the current steps 
of Fig. [2](b) , as the color and the lettering of the arrows 
suggest. In fact, shifts are in the range 4mV to 8mV 
which corresponds to 3% to 6% of the observed CB oscil- 
lations period (~130mV). This is in agreement with the 
expected voltage shift that can be evaluated from cur- 
rent steps of lpA and 2pA at the selected SET operating 
point (~250pA/V). 

In order to model the effects of single charging in the 
DQD, we use an equivalent circuit representation of the 
system. Every device element (gate, dot, lead) is cou- 
pled to every other element via a coupling capacitance. 
In Fig. [ijb), we only report the SET dot coupling ca- 
pacitances, whereas the DQD coupling capacitances are 
embedded in the total capacitance terms, Cs R and C^ L , 
for right and left dot, respectively. The addition of a 
single electron to either dot would discretely modify the 
potential of the SET dot proportionally to the specific 
inter-dot coupling. This would give rise to the observed 
current steps and CB shifts. However, since left and 
right dot are not equally coupled to the SET island (i.e. 



Crs Cls), its electrochemical potential would be af- 
fected to a different extent according to which side of the 
DQD an electron is transferred to. Simple calculations of 
the SET dot energy demonstrate how current steps/shifts 
of different magnitude and direction can arise due to this 
coupling mismatch. We can evaluate the electrostatic en- 
ergy of the SET island as a function of the excess electron 
number on each quantum dot as: 
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being Cy, the SET dot total capacitance and N$et, 
Nl, Nr the excess numbers of electrons in the SET 
island, DQD left dot and DQD right dot, respectively. 
The experimental condition of gate voltage compensa- 
tion is taken into account by keeping constant the value 
of Nset, whereas an electron tunneling to or within the 
DQD would modify the value of either Nl or Nr. In par- 
ticular, tunneling from the reservoir to the left dot would 
increase Nl by one and change the SET dot energy by 
an amount: 
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Tunneling from the left to the right dot would decrease 
Nl by one, increase Nr by one and produce an energy 
shift 
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The simultaneous tunneling events would leave Nl un- 
changed, increase Nr by one and shift the energy by 
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It is noteworthy that A 7 = A Q + A^ which confirms that 
the effect of simultaneous tunneling can be evaluated as 
the combination of the effects of the two single tunnel- 
ing events. A generic inter-dot coupling mismatch would 
suffice to produce discrete energy shifts of different mag- 
nitude and direction. Indeed, in the typical experimen- 
tal condition where Cls > Crs and Cyz R ~ Cy, L , then 
A a > A 7 > and A^ < 0. In particular, if Cls — 2Crs, 
then A a — 2A 7 and A^ = — A 7 , as sketched in Fig.[3|b). 
This would be directly reflected in the detector's current 
response and accounts for all the observed features. 

In conclusion, we have demonstrated charge sensing of 
a Si:P DQD connected to an electron reservoir by using 
a SET as an electrometer. Characteristic features in the 
detector's response allow one to identify the nature of the 
electron transfer and the number of excess electrons on 
each dot. Charging and detection mechanisms have been 
studied by means of low temperature measurements in 
conjunction with a classical capacitance model. The very 
precise charge density control demonstrated here can be 
useful in the future to operate these devices in the few 
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FIG. 3. (Color online) a) SET CB oscillations for different 
DQD gate voltages. The peak's position is shifted in Vg 
whenever a single charging event in the DQD is triggered by 
an appropriate value of Va DD . Some shifts are highlighted 
by arrows (colors and lettering as in Fig. [IJ. Compensation 
is attained by simultaneously sweeping Vg . b) Electrostatic 
potential of the SET dot as a function of the number of tun- 
neling events (i) occurring in the DQD. Excess number of 
electrons in either dot is reported for each transition. Magni- 
tude and direction of the energy shifts derive from assuming 
C £S =2C ss widC SR «C El . 



electron regime, of interest for quantum information pro- 
cessing. 
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